In this work, we present an optically powered drone cell using optical fibers for airborne base stations. We investigate the conversion performance of photovoltaic power converters and evaluate the power consumption required for flying an entry-type drone. Based on the specifications, we successfully achieve the flight demonstration of the drone powered by 20-W power-over-fiber feed, for the first time.
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Introduction
In wireless communication networks, unmanned aerial vehicles such as aircrafts and drones have attracted much attentions as airborne base stations (ABSs) [1, 2, 3] . The use of ABSs is expected to play an important role, which is quite different from existing ground base stations (BSs), in fifth generation (5G) and beyond 5G wireless communication networks. For examples, in big public events such as concerts and Olympic games, ABSs enables us to assist the capacity and the coverage of wireless communications for a huge number of audiences [4] . In disaster situations where some of ground BSs are damaged, ABSs are useful for acting as substitute to maintain wireless communication networks, instead of the damaged ground BSs [5] . The main drawback of using drones for ABSs is the limited flight time and the lengthy recharging time of the batteries. To fly drones in each cell area of ABSs without the limitation of the flight time, wired power supply by electrical wires is a reliable approach, which makes it possible for ABSs to stay in the air for unlimited flight time [6] . However, electrical wires are heavyweight and conductive power lines. If lightning falls into ABSs, the damage extends not only to ABSs but also to ground equipment. Although a challenging study on optically powered drone by laser beam recharging has been reported recently [7] , it is still not practical in terms of safety and reliability and requires complicated beam tracking functions.
Power-over-fiber (PWoF) is to deliver optical power using optical fibers, which are lightweight than electrical wires and non-conductive lines. Therefore, it enables us not only to provide reliable power supply as well as electrical wires but also to protect ground equipment from lightning. Moreover, the use of optical fibers for drones enables us to transmit wireless data signals for communications into optical fibers, which is called, "radio-over-fiber (RoF)". In conventional drones, control signal for controlling the drone remotely also are transmitted in the air. Therefore, in case of using ABSs, the available communication band of the wireless data signals is strictly limited to prevent the interference between the wireless data and control signals. However, if it is possible to deliver the control signal as well as feed light power using optical fibers, it is more effective to use the communication band of the wireless data signals.
In this work, we present an optically powered drone cell using optical fibers for ABSs. To show the preliminary feasibility of our presented scheme, we execute the flight demonstration of an entry-type drone powered by 20-W PWoF feed. We also discuss the feasibility of ABSs by PWoF for future wireless communications. Fig. 1 shows the experimental setup for the flight demonstration of a drone by PWoF. The drone we used was a commercially available, entry-type drone. To optically power the drone, two high-power laser-diodes (HPLDs) were used as feed light source. The output power and the wavelength of each HPLD were 10-W and 808 nm, respectively. Each feed light was injected into each step-index multimode fiber (MMF) with a core diameter of 105-µm. After transmission, each feed light power was converted into the electrical power using two commercially available, high-power silicon-based photovoltaic power converters (PPCs) (YCH-H003-15-FC, MH GoPower, Inc.), which were connected in series as shown in Fig. 1 . The maximum optical power injected into each PPC was up to 10-W. The output of the PPCs was rectified by a rectifier (REC), and a voltage step down DC/DC converter (VDC) stepped down the input voltage to an optimized voltage for driving the drone. Although our final goal is to fly an optically powered drone acting as a ABS, this work does not transmit control and RoF data signals, but focuses on the flight demonstration of the drone in order to explore the feasibility of ABSs by PWoF. In this demonstration, it was difficult to put the REC, VDC and PPCs on the drone, because the weight of these devices was out of the specification for the loading capability of the drone. Therefore, they put on the ground, and the power required for the drone was supplied via electrical wires.
Experimental setup

Results and discussions
To investigate the setting parameters required for flying the drone, we measured and evaluated the available power supplied to the drone by the PWoF system. Fig. 2 shows that measured P-V characteristics of the PPC1 and the PPC2 we used when the feed light power injected into each PPC was set to 10-W. A maximum power point of the voltage, which offers the ideal operation of the PPCs, was at around 18-V. The detailed specifications of the PPCs is shown in Table I . When the PPCs were connected in series, the obtained maximum electrical power and the voltage were 4.69-W and 37.1 V, respectively. It should be noted that the feed light wavelength was outside of the optimum wavelength region of the PPCs for obtaining the highest conversion efficiency [8] . If we use feed light source at around 950 nm, the obtained electrical power becomes larger even if the power injected into the PPCc is not changed.
We also measured how much power the drone needed. The calculated and actual power consumption of the drone is shown in Table II Based on the specifications of the PPCs and the drone, we tried to fly the drone. Fig. 3 shows the flight demonstration of the drone (movie file attached). We successfully flied the drone by the 20-W PWoF feed. As we mentioned before, the weight of the REC, VDC, and PPCs was out of the loading capability of the drone. Thus, they put on the ground, and the converted electrical power by the PPCs was supplied to the drone using electrical wires. The red and black cables were the electrical wires.
To estimate the feasibility of the optically powered drone using optical fibers for ABSs, it is important to analyze the relationship between the take-off weight and its power required for flying commercially available drones. The result is shown in Fig. 4 . As the power consumption of the drones was increased, the available takeoff weight was increased. In this work, our employed silicon-based PPCs included the light beam waveguide and the heavy heatsink. These components accounted for most of the weight of the PPCs. If we could reduce these weights, it will be possible to fly the drone directly powered by optical fibers. For example, in the optically powered drone by laser beam recharging, the PPC on the drone was effectively cooled by the downdraft created by the propellers of the drone [7] . Therefore, it is expected that the weight of the heatsink will be dramatically reduced. Until now, we have successfully achieved the power delivery of 60-W PWoF feed for ground BS applications [9, 10, 11] . Therefore, if we apply these equipment to the presented scheme, it will be possible to deliver the electrical power of 20-W or more. According to the approximate line of Fig. 4 , the take-off weight was approximately 200 g, which is expected to fly the drone with REC, VDC and multiple PPCs. Moreover, to load an optically powered drone with BS equipment, much higher supplied electrical power and larger drone are needed. Then, the required total takeoff weight is assumed to be approximately 3 kg, which corresponds to the power consumption of 500-W. Although the required power is much higher than that of flying the drone of this work, rapid development of required components such as HPLDs and PPCs will greatly contribute to its realization. The challenge is of a technological nature and can be overcome in near future. 
Conclusions
We presented the optically powered drone for airborne base stations. To show the preliminary feasibility of our proposal, we executed the flight demonstration of an entry-type drone. Although the drone could not carry the components required for optically powering, it is expected that higher optical power supply enables us to realize airborne base stations by optically powered drones.
